Abstract The foliar elemental profile of most plants reflects that of the soil on which plants grow in their natural habitat. The aim of this study was to elucidate foliar elemental profiles in the ultramafic flora of Kinabalu Park in Sabah, Malaysia. Kinabalu Park is ideal for studying plant elemental profiles because of its exceptionally rich flora and diversity in soil types. Foliar elemental profiles of 594 plant species in 99 families were analysed (totalling 1710 samples). This included 495 species (90 families) from ultramafic soils, and 120 species (45 families) from non-ultramafic soils (used as a comparison dataset). In general, the foliar elemental uptake ranges from exclusion of phytotoxic elements such as Ni and Mn, to a limited number of plant species characterised by extreme accumulation of specific elements, including trace elements (Co, Mn, Ni, Zn,), or non-essential elements (Al). This research identified hyperaccumulator behaviour (as defined by exceedances of established threshold foliar concentrations) in numerous plant species: Al > 1000 lg g À1 (38 spp.), Mn > 10 mg g À1 (7 spp.), Co > 300 lg g À1 (3 spp.), Ni > 1000 lg g À1 (24 spp.) and Zn > 3000 lg g À1 (2 spp.). Distinct phylogenetic patterns emerged for Ni in which 18 of the identified 24 Ni hyperaccumulators were in the order Malpighiales, predominantly in the families Phyllanthaceae, Salicaceae and Violaceae.
Introduction
Plants require at least 16 mineral elements for completion of their life cycle and these can be subdivided in macronutrients (Ca, K, Mg, P, S), micronutrients (Fe, B, Cl, Cu, Mn, Mo, Ni, Zn) and elements that are beneficial to some plants (Na, Co, Si) (Marschner 1995; Hopkins 1999) , and the foliar elemental abundance generally decreases as a function of atomic mass (Markert 1992) . The essential elements can further be subdivided in three groups based on their functions: (i) P, Cu, S and Fe which are associated with the 'nucleic acid-protein set', (ii) Mg, Ca, K, Zn and Mn which are associated with the 'structural and photosynthetic set', and (iii) Mn, K and Mg which are associated with the 'enzymatic set' (Garten 1978; Wright et al. 2005; Zhang et al. 2011) . Plants also take up non-essential elements, such as Al, Sr, Ba and As (Willey 2016) . The supply of the essential elements to a plant ranges from deficiency to optimum and eventual phytotoxicity (Chapin 1980; Ernst 2006) , and differs greatly between elements, being particularly narrow for micronutrients such as Zn and Cu (Clemens et al. 2002) . The sequestration of essential elements is governed by highly specific mechanisms that enable uptake in the rhizosphere interface and transport and regulation inside the plant (Rengel and Marschner 2005) . The necessity of different elements for ecophysiological functioning results in an overall proportionality (stoichiometry) between elements in foliar matter (Epstein 1972; Å gren 2008) . Under similar environmental conditions and on the same soil, systematic differences in elemental accumulation between plant species results from differences in the uptake (and selectivity) as a function of species-specific physiology as well as associated ecological interactions including mycorrhizal symbioses (Marschner 1995; van der Heijden et al. 2015) . Systematic differences in the foliar elemental profiles (e.g. the accumulation patterns of elements) are a reflection of evolutionary processes and hence plant phylogeny (Broadley et al. 2004; Watanabe et al. 2007) , and thus also provide a potentially useful taxonomic tool (i.e. 'chemotaxonomy' viz. Kersten et al. 1979) . Plant species that accumulate foliar elements to extreme levels (including Ni, Co and Mn) are known as hyperaccumulators (Jaffre´et al. 1976; Reeves 2003; Reeves et al. 2017 ), a phenotypic character that has evolved independently in multiple orders and families (Pollard et al. 2000; Macnair 2003; Kra¨mer 2010) .
There have been efforts to define reference concentrations for elements in plants to serve as a 'baseline' (Markert 1996) , but such generalizations disregard the importance of soil chemistry and genotypic and phenotypic variation of elemental uptake (Ernst 1998) . Furthermore, the large variability in elemental concentrations within and between plants makes the establishment of a standard reference a difficult task, as a study comparing tropical rainforest plants illustrates (Breulmann et al. 1998 (Breulmann et al. , 1999 . Most studies on foliar elemental concentrations have focused on ''normal'' or agricultural soils, but studying trace element-rich environments (such as ultramafic soils), however, has also provided a better understanding of foliar elemental concentrations in the presence of an excess of specific trace elements in the soil (van der Ent and Lambers 2016; Rajakaruna 2017) . Of the naturally trace element-enriched environments, ultramafic soils are by far the most widespread and extensive, especially in Cuba, New Caledonia, the Philippines, Indonesia and Malaysia (van der Ent et al. 2015a; Galey et al. 2017) . Ultramafic soils have high concentrations of Mg, Fe, Ni, Mn, Cr and Co, but are low in Ca, K and P Proctor 2003) . Analyses of foliar plant samples from Mount Silam (ultramafic mountain on the east coast of Sabah, Malaysia) (Proctor et al. 1988) , Mount Bloomfield (ultramafic mountain on the island of Palawan, Philippines) and Mount Giting-Giting (ultramafic mountain on Sibuyan Island, Philippines) (Proctor et al. 1998) showed that the elemental profile of plants on ultramafic soils is a reflection of the unusual soil chemistry, but important differences exist between the elements accumulated, but comprehensive phylogenetic information on such patterns is scant. Hyperaccumulation thresholds for trace elements have been defined at 300 lg g À1 for Cr, Co and Cu, 1000 lg g À1 for Ni, 3000 lg g À1 for Zn and 10 mg g À1 for Mn (Reeves 2003; van der Ent et al. 2013) . The threshold for Al accumulators was defined at 1000 lg g À1 (Hutchinson 1945; Chenery 1948 ), but such plants have also now been termed 'Al hyperaccumulators' (Jansen et al. 2002) to unify the terminology with trace element hyperaccumulators.
Kinabalu Park in the Malaysian state of Sabah has large surface exposures of ultramafic soils and is renowned for its biodiversity with at least 5000 species recorded in an area < 1200 km 2 (Beaman and Beaman 1990; Beaman 2005) . In total 2854 plant species in 742 genera and 188 families were recorded from ultramafic soils in Kinabalu Park (van der Ent et al. 2014 (van der Ent et al. , 2015b . The extremely high levels of plant diversity combined with the high diversity in soil types (van der Ent et al. 2018 ) in a small surface area make this site an ideal location for studying patterns in the foliar elemental profiles of a wide range of plant species, which was the aim of this study.
Methods

Collection of plant material
During 2010-2014 a large ecological research project was conducted in Kinabalu Park, and in the nearby Bidu-Bidu Hills and Trus Madi Forest Reserves, all in the Malaysian state of Sabah on the Island of Borneo. The research project focussed on the plant-soil relationships of the vegetation on ultramafic soils at these localities (van der Ent and Mulligan 2015; van der Ent et al. 2015a van der Ent et al. , b, c, 2016 . The foliar elemental frequency distributions and links between foliar and soil chemistry were the subjects of a separate study that uses the same foliar dataset, in addition to soil samples from the plots (van der Ent and Erskine, unpublished). Non-permanent vegetation plots were established in Kinabalu Park (n = 88 plots and 1211 foliar samples) and plant foliar samples were collected from composite samples of fully expanded leaves from each of the 3-5 most dominant tree species (in terms of largest combined basal area), or the most dominant herb or fern (in terms of groundcover) from the plots. Foliar samples from the ultramafic Bidu-Bidu Hills (n = 322 foliar samples) were also included in the analysis, and details on sample collection are provided in van der Ent and Reeves (2015) . Similarly, foliar samples were collected from plots on non-ultramafic soils in the Trus Madi Forest Reserve (n = 13 plots and 99 foliar samples) and from around Park HQ in Kinabalu Park (78 foliar samples) to serve as a comparison dataset. This resulted in a total of 1710 foliar samples (n = 1533 foliar samples from ultramafic soils and n = 177 foliar samples from nonultramafic soils). The foliar samples were washed with water after collection to remove potential soil contamination and dried at 70°C for 5 days in a drying oven.
Identification of plant species
Plant specimens from the plots were identified at the Sabah Parks Herbarium (SNP) and the Herbarium of the Sabah Forestry Department (SAN) and, as required, taxonomic specialists from the Kew (K), Leiden (L) and Singapore (SING) herbaria were consulted. As it was not possible to identify some plants to species level without floral parts present, collection numbers and vegetative morphology (i.e. 'morpho-species') were used as the identifier in some cases.
Laboratory analyses: foliar concentrations
All foliar samples were crushed and ground, and a 300 mg representative subsample was digested using 5 ml concentrated HNO 3 (70%) and 1 ml H 2 O 2 (30%) in a microwave oven (Milestone, Italy). The digests were diluted to 30 ml with demineralised water before analysis with Inductively coupled plasma atomic emission spectroscopy (ICP-AES), which included measurements of the following elements: Ni, Co, Cr, Cu, Zn, Mn, Fe, Mg, Ca, Na, K, S and P. The microwave acid digestion and ICP-AES analysis included standard reference material (National Institute of Standards and Technology, NIST 1515, USA) to determine the accuracy and repeatability of the method for determining elemental concentrations in plant leaves (see ESM 1). The potential for contamination with soil dust adhered to plant leaves is a problem for accurate analyses of the foliar elemental composition, even with sample washing. This risk is highest for ground-herbs, and lesser so for trees, but cannot be entirely avoided. Concomitantly high foliar concentrations of Cr (> 60 lg g À1 ) and Fe (> 2500 lg g À1 ) are a useful indication for soil contamination as these elements are major constituents of ultramafic soils (Cary and Kubota 1990) . By means of comparison, the mean values of a large dataset (608 samples) from a (non-ultramafic) rainforest in Sumatra, Indonesia from Masunaga et al. (1998) 
Statistical analyses
The foliar chemistry data was analysed using the software packages STATISTICA Version 9.0 (StatSoft, USA) and Excel for Mac version 2011 (Microsoft, USA).
Results and discussion
In total, the elemental data of 594 plant species in 99 families were analysed (total number of foliar samples = 1710). These included 495 species (90 families) from ultramafic soils and 120 species (45 families) from non-ultramafic soils (comparison dataset). This large dataset allowed for detailed analysis of elemental profiles and phylogenetic patterns of elemental accumulation. Overall, plants from ultramafic soils had higher concentrations of Fe, Mg, Co, Cr, and Ni, and lower concentrations of Ca, K and P. Hyperaccumulators of any element were absent from the non-ultramafic soils, but for Ni numbered 24 species in nine families from the ultramafic soils. Furthermore, 38 Al accumulators, two Zn hyperaccumulators, seven Mn hyperaccumulators, and three Co hyperaccumulators were found. Unusually high foliar accumulations, with the highest values for each species per element, are shown in Table 1 .
Edaphically limited (ultramafic) foliar elemental profiles
In the following sections, we discuss the foliar concentrations of each element in the dataset and single out cases of unusual accumulation and hyperaccumulation behaviour. We start with the macronutrients and major ions (Al, Ca, Mg, P, K, Na, S) followed by the trace elements (Cu, Co, Cr, Fe, Mn, Ni, Zn).
Macronutrients and major ions (Al, Ca, Mg, P, K, Na, S)
Aluminium
Al accumulation in foliage (> 1000 lg g À1 or > 1 mg g À1 ) occurred in 38 species (17 families). The highest Al accumulation was found in the members of the family Symplocaceae: Symplocos buxifolia with 50 mg g À1 , S. deflexa with 38.4 mg g À1 , S. gambliana with 37.5 mg g À1 , S. adenophylla with 29.4 mg g À1 . The first known Al hyperaccumulator was also a species in the genus Symplocos, now known as Symplocos cochinchinensis var. philippinensis, and was called 'Arbor aluminosa' or 'Aluyn-Boom' (Jansen et al. 2002) . Species in other families with high Al concentrations include Urophyllum longideus (Rubiaceae) with 36 mg g À1 and Aporosa chalarocarpa (Phyllanthaceae) with 25.9 mg g À1 . In acid soils, Al toxicity is one of the most growth-limiting factors for plants, and at pH 5 Al is mostly present in the form of Al(H 2 O) 6 3+ or Al 3+ which are the most phytotoxic forms (Miyasaka et al. 2007) . At pH 5.0-6.2, Al is mainly present in the form of Al(OH) 2+ , Al(OH) 2 + and Al(OH) 4 À which are non-toxic (Kidd and Proctor 2000) . Al toxicity inhibits the uptake of nutrients and affects the functioning of the plasma membrane (Huang et al. 1992; Ishikawa and Wagatsuma 1998) , which results in inhibition of root growth and elongation (Pilon-Smits et al. 2009 ). The high total soil Al concentrations (mean pseudo-total Al 19 mg g À1 ) combined with acidic conditions (pH 5.1-5.5) of most montane ultramafic soils (see Dystric Folic Cambisols in van der Ent et al. 2018) means there is high potential for Al uptake and toxicity. The relatively high occurrence of Al accumulators on leached tropical soils is consistent with the lower reported frequency of Al accumulators in drier environments or less acidic soils (Hutchinson 1943) . In some adapted plant species, excess soil Al enhances growth (Jansen et al. 2002) and one such example recorded in this study was Melastoma malabathricum (Melastomataceae) with 3670 lg g À1 foliar Al. This species has increased root and shoot growth under high Al conditions, a strategy that has been attributed to amelioration of Fe phytotoxicity (Watanabe et al. 2005; 2006) . ), but there were 10 specimens of Pityrogramma calomelanos (Hemionitidaceae) that had unusually high foliar P concentrations. This species is a known As hyperaccumulator when it occurs on As-rich mining soils (Francesconi et al. 2002) , possibly the result of its high P uptake (and physiological inability of differentiating between As and P). Most Glochidion spp. (Phyllanthaceae) also had very high foliar P concentrations (> 1000 lg g À1 ).
Potassium
The majority of plants had extremely low foliar K concentrations (mean 3854 ± 83 lg g À1 ), but 26 species (18 families) had > 10,000 lg g À1 (> 10 mg g À1 ). The Ni hyperaccumulator Actephila sp. nov. (now named A. alanbakeri-Phyllanthaceae) had consistently extremely high foliar K concentrations (> 12 mg g À1 ). The highest foliar K concentrations were in Drypetes crassipes (Putranjivaceae) with 32.7 mg g À1 , an unidentified Glochidion sp. (Phyllanthaceae) with 29 mg g À1 , Rinorea bengalensis (Violaceae) with 28 mg g À1 and Casearia velutinosa (Salicaceae) with 22.9 mg g À1 . These species are all in the order Malpighiales. Substantial K accumulation appears to be frequent among Ni hyperaccumulators. Such extreme levels of foliar K accumulation are remarkable given the very low soil K concentrations. Potassium fulfils an important role in plant water conservation via regulation of the stomata in the leaves; hence, increased foliar K concentrations could be viewed as an indicator of increased drought tolerance (Shabala 2003; Wang et al. 2013 ).
Sodium
Seven species (five families) have > 5000 lg g À1 foliar Na, of which Croton oblongifolius (Euphorbiaceae) and an unidentified Syzygium sp. (Myrtaceae) had 14.1 and 13 mg g À1 , respectively. Given the low soil Na concentrations, a consequence of the highly leached tropical soils, such levels of foliar accumulation were unexpected.
Sulphur
Foliar S concentrations were particularly high in plants of the 'primitive' families Equisetaceae and Polypodiaceae (11.7-13.2 mg g À1 ), but also in Dichapetalum gelonioides (Dichapetalaceae). The specimens of the latter species with high foliar S did not hyperaccumulate Ni or Zn, whereas the specimens that did, had relatively low foliar S. This suggests that S is not involved with complexation of either Ni or Zn in this species.
Trace elements (Cu, Co, Cr, Fe, Mn, Ni, Zn) Copper Foliar Cu is controlled over a very narrow range, with a mean of 6.6 ± 0.4 lg g À1 . Only 10 species (nine families) had > 50 lg g À1 Cu and these were also Ni hyperaccumulators. The highest foliar Cu concentrations were found in Mischocarpus sundaicus (Sapindaceae) with 369 lg g À1 , in Agrostemma cf. hameliifolium (Rubiaceae) with 228 lg g À1 , and in Gluta wallichii (Anacardiaceae) with 171 lg g À1 . Only Mischocarpus sundaicus might be listed as a hyperaccumulator of this metal, but given that only one sample exceeded the nominal threshold of > 300 lg g À1 (out of eight samples analysed for this species, and the mean of 25 lg g À1 Cu excluding the single high value), it is highly doubtful whether this species is a true Cu hyperaccumulator.
Cobalt
Co is not generally considered an essential trace element for plants, but it has been shown to be beneficial to the growth of legumes, probably because Co is essential for symbiotic rhizobia that live in nitrogen-fixing nodules associated with the roots of legumes (Pilon-Smits et al. 2009 ). All plants with Co > 50 lg g À1 were also Ni hyperaccumulators, or were facultative Ni hyperaccumulators in which populations of the same species hyperaccumulate Ni, but Ni non-hyperaccumulating populations also had unusually high Co. In total, there were 27 species (eight families) with Co > 50 lg g À1 and 16 species (four families) with Co > 100 lg g À1 , predominantly in the families Phyllanthaceae and Euphorbiaceae. In the Ni hyperaccumulators, the Ni/Co quotient ranged from 1.5 to 18,590 (mean was 475). The highest Ni/Co quotients are in strong Ni hyperaccumulators, for example Psychotria sarmentosa (n = 8), which had mean Ni and Co concentrations of 12,825 and 3.6 lg g À1 , respectively. The specificity of Ni uptake over Co is thus remarkable. The highest concentrations were found in the Co hyperaccumulator Glochidion cf. sericeum (Phyllanthaceae) with 909-1310 lg g
À1
. This species is unusual in having a very low Ni/Co ratio (ranging from 1.7 to 2) and would be considered a moderate Ni hyperaccumulator (accumulating up to 2192 lg g À1 Ni in the foliage). Lower Co concentrations were found in Mischocarpus sundaicus (Sapindaceae) with 1139 lg g À1 , Aporosa chalarocarpa (Euphorbiaceae) with 468 lg g
, and Glochidion arborescens (Phyllanthaceae) with 315 lg g À1 . All of these records are above the defined hyperaccumulation threshold of 300 lg g À1 Co (van der Ent et al. 2013).
Chromium
Cr is a non-essential element for plants, and Cr phytoavailability in soils is generally extremely low, even in ultramafic soils which can contain up to 2% Cr. As a consequence, foliar Cr concentrations are generally low (mean 13 ± 0.8 lg g À1 ). Unusually high Cr concentration, combined with high Fe, is often an indication of contamination of leaf samples by soil particulates. If such suspect samples are excluded from our dataset, there are still four species (from three families) with Cr > 300 lg g À1 i.e. exceeding the nominal hyperaccumulation threshold for this element (van der Ent et al. 2013) . Almost all of these species were Ni hyperaccumulators mostly from the Phyllanthaceae, Monimiaceae and Violaceae. Examples of plants with high foliar Cr include Anisophyllea disticha (Anisophylleaceae) with 482 lg g À1 and Psychotria sarmentosa (Rubiaceae) with 426 lg g
À1
. The fact that these records occur as erratic outliers with only single specimens within a species having high Cr values, strongly suggest that this is not true hyperaccumulator behaviour but results from contamination (see also comments about Cu above).
Iron
The mean foliar Fe concentration was 96 ± 8.4 lg g À1 , but 17 species (13 families) had > 1000 lg g À1 , of which the highest were Agrostemma cf. hameliifolium (Rubiaceae) with 6534 lg g À1 , Taenitis blechnoides (Adiantaceae) with 4249 lg g À1 , Phyllanthus cf. reticulatus (Phyllanthaceae) with 3292 lg g À1 and Thottea triserialis (Aristolochiacaea) with 2694 lg g À1 .
Manganese
Foliar (Bidwell et al. 2002; Fernando et al. 2006 Fernando et al. , 2009 . In New Caledonia Mn hyperaccumulators are known from the Proteaceae genus Virotia, and other species such as Garcinia amplexicaulis (Clusiaceae), Alyxia poyaensis (Apocynaceae) and Denhamia fournieri (Celastraceae) (Jaffre´1977, 1979 Brooks et al. 1981; van der Ent et al. 2015c) . Manganese is an essential plant element and abundant in ultramafic soils, however, at low soil pH, Mn can be phytotoxic. Proctor (2003) noted that 21% of the species tested in New Caledonia had foliar Mn concentrations > 1000 lg g À1 , suggesting that Mn accumulation is a relatively common phenomenon on ultramafic soils.
Nickel
Ni was the most recently discovered trace element to be essential to (most) plants (Brown et al. 1987 ) and, along with Mo, critical concentrations for Ni are the lowest ($ 0.1 lg g À1 ) of all micronutrients (Epstein 1972) . Nickel is effectively excluded from uptake in most plants to avoid potential toxic effects (Seregin and Kozhevnikova 2006) With Ni hyperaccumulators excluded (delimited at > 1000 lg g À1 ), the mean foliar Ni concentration across the samples collected was 55 lg g À1 . In total, 24 species (12 families) were Ni hyperaccumulators (> 1000 lg g À1 ), predominantly in the Phyllanthaceae, Rubiaceae and Violaceae. The highest concentrations were in Psychotria sarmentosa (Rubiaceae) with 24.2 mg g À1 , Phyllanthus cf. securinegoides (Phyllanthaceae) with 23.3 mg g À1 , Glochidion cf. 'bambangan' (Phyllanthaceae) with 16.7 mg g À1 , Rinorea bengalensis (Violaceae) with 12.8 mg g À1 and Ac-tephila sp. nov. (A. alanbakeri) with 11.5 mg g À1 . In total, six species accumulate more than 10 mg g À1 (1%) and such plants have been termed 'hypernickelophores' by Jaffre´and Schmid (1974) . Although hyperaccumulators of trace elements are generally extremely specific in the uptake and accumulation of one metal, and rarely two, it appears from our dataset that co-accumulation of a range of metals does occur sometimes; for example, Aporosa chalarocarpa (Phyllanthaceae) with Al 25.9 mg g À1 , Mn 1443 lg g À1 , and Ni 1558 lg g À1 , Baccaurea lanceolata (Phyllanthaceae) with Al 18.4 mg g À1 , Ca 21.9 mg g À1 , Mg 26.7 mg g À1 , Ni 1450 lg g À1 and Zn 202 lg g À1 , and Urophyllum cf. marcophyllum (Rubiaceae) with Al 27.1 mg g À1 , Mg 3259 lg g À1 , and Mn 10.5 mg g À1 . It is unlikely these cases result from contamination of the samples with soil particulates, as Fe and Cr concentrations are low. However, from a physiological point of view it is hard to explain how and why such co-uptake could occur, particularly because these ions are of different charges and ionic radii.
Zinc
Zn is an essential micronutrient with critical concentrations of approximately 20 lg g À1 (Epstein 1972) . Two species, Dichapetalum gelonioides subsp. pilosum (Dichapetalaceae) and an unidentified Glochidion sp. (Phyllanthaceae), with Zn concentrations of 4922 and 4275 lg g À1 , respectively, exceed the hyperaccumulation threshold of > 3000 lg g À1 (van der Ent et al. 2013). The case of Dichapetalum gelonioides is particularly interesting because a subspecies (D. gelonioides subsp. tuberculatum) this taxon is also a strong Ni hyperaccumulator on ultramafic soils. Baker et al. (1992) reported Zn hyperaccumulation up to 15.6 mg g À1 from an herbarium specimen collected from near Lahad Datu in Sabah (from non-ultramafic soils) and 34.4 mg g À1 from a specimen in the Philippines. Phyllanthus amarus, a common weed growing mainly on non-ultramafic soils, had a relatively high Zn concentration (1475 lg g À1 ).
Elemental accumulation patterns across families and genera Overall, the foliar concentrations of Ca and K are lower in plants growing on ultramafic soils than in plants growing on non-ultramafic soils. In contrast, Mg, Ni, Cr and Co are mostly higher in plants growing on ultramafic soils (compare Figs. 1 with 2 and 3 with 4).
Comparison of elemental profiles of 90 families from ultramafic soils reveals differences between elemental accumulation behaviour. For example, the Acanthaceae, Moraceae, Pittosporaceae and Rosaceae accumulate relatively high levels of Ca, K and Mg, whereas Dracenaceae, Polygalaceae and Putranjivaceae are lower in these elements (Fig. 1) . The Zn concentration is constrained over a narrow range (mean 70 ± 6.0 lg g À1
Families with consistently high Zn include the Dichapetalaceae, Meliaceae, Symplocaceae and Tiliaceae. In plants from non-ultramafic soils, these overall patterns are also apparent, but absolute concentrations of all these elements are lower (Figs. 2, 4) . Lower overall foliar elemental concentrations are also apparent when comparing Ca, Mg and K concentrations in seven common families (Theaceae, Podocarpaceae, Myrtaceae, Lauraceae, Fagaceae, Fabaceae and Ericaceae, none contains any hyperaccumulators) from ultramafic and non-ultramafic soils (Fig. 5a, b) . On the non-ultramafic soils the foliar ranges for these elements are wider ranging than on ultramafic soils, but the general proportionality between elements within families is similar between ultramafic and non-ultramafic soils.
There are differences between families, for example, the family Myrtaceae (genera: Leptospermum, Xanthomyrthus, Syzygium) and Theaceae (genera: Schima, Adinandra) have high concentrations of Al and Mg and low concentrations of Ca and K. This relates to the highaltitude acid soils on which these families predominantly occur. Further, higher order phylogenetic patterns occur in the foliar accumulation of P, S and K. The association of Al accumulation in the families Symplocaceae, Polygalaceae, Rubiaceae, Melastomataceae and Anisophylleaceae is well-known in the literature (Chenery and Sporne 1976; Jansen et al. 2002) and in this study these families were unequivocally the most important Al accumulators (Table 2 ). In addition, the family Phyllanthaceae (genus: Aporosa) also has high Al accumulation, and this has also been reported elsewhere (Masunaga et al. 1998; Jansen et al. 2002) . Al accumulation is a widespread phenomenon, known from at least 60 angiosperm families (Jansen et al. 2002) , suggesting that Al accumulation has evolved independently numerous times (Metali et al. 2011) . In contrast, phylogenetic patterns for Ni accumulation are more distinct, and dominate in the Order Malpighiales (Pillon et al. 2010; Jaffre´et al. 2013 ). The Malpighiales is one of the largest orders of flowering plants, containing approximately 16,000 species in 42 families globally, accounting for approximately 7.8% of Eudicots (Wurdack and Davis 2009; Stevens 2013) . Of those, 21 families and 292 species have been recorded in Kinabalu Park of which 115 species occur predominantly or exclusively on ultramafic soils (Beaman 2013) . The families Phyllanthaceae (genera: Phyllanthus, Glochidion) and Violaceae (genus: Rinorea) have the most Ni hyperaccumulator species. A study on rainforest plants (on non-ultramafic soils) in Sarawak found that the Euphorbiaceae accumulated more Co compared to the Dipterocarpaceae (Breulmann et al. 1999) . This re-iterates the propensity for this family to accumulate transition elements, not just Ni. This is also evident from the frequency of species in the Phyllanthaceae represented as having the highest accumulation values for Cu, Co, Cr, Fe, Mn and Zn (Table 2) . Above-average Co and Cr accumulation 
Conclusion
The approach in this study limits biogeographical effects, although site-specific (e.g. habitat) variation is still important. Specifically, plant assemblages from highaltitude scrub and lowland tall rainforest have vastly different elemental profiles. This exemplifies that the foliar elemental profiles are a result of both present-day ecophysiology and the association of a plant species to particular edaphic niches as a result of its evolution (Watanabe et al. 2007 ). As such, phylogenetic patterns of elemental accumulation represent the sum of past selection pressures, and may be independent of presentday soil habitat and soil requirements. For example, in the case of Al accumulators, higher-level phylogenetic patterns have been shown to be independent of presentday soil preferences (Jansen et al. 2002) . However, as opposed to Al accumulators, the restriction of Ni and Co hyperaccumulators to ultramafic soils is sine qua non to the presence of these elements, as the soil concentrations in non-ultramafic soils are too low to enable any substantial accumulation. In Sabah, a correlation was found between the occurrence of Ni hyperaccumulator plant species and soil Ni concentrations . Some Ni hyperaccumulators such as subspecies of Dichapetalum gelonioides occur also on nonultramafic soils (as such they are facultative hyperaccumulators) but hyperaccumulate Zn, which is a more abundant ion in non-ultramafic soils than Ni. This raises important questions about the evolution of Ni and Zn hyperaccumulation in this species. Such 'inter-element' hyperaccumulator behaviour is not known from any other plant species in the region, although Phyllanthus spp. occurring on non-ultramafic soils also have abnormally high Zn (and several Phyllanthus spp. on ultramafic soils hyperaccumulate Ni). Overall, however, the great majority of hyperaccumulator species are 'obligate' and are physiologically linked to ultramafic soils as a result of their evolution. On a global scale, hyperaccumulation appears to have evolved most frequently in the Brassicaceae, Euphorbiaceae (including Phyllanthaceae) and Asteraceae families (Cappa and Pilon-Smits 2013) , whereas in New Caledonia 83% of the Ni hyperaccumulator species are in the COM clade (Celastrales, Oxalidales, and Malpighiales) (Pillon et al. 2010; Jaffre´et al. 2013 ). This study shows that this holds true for Sabah where the majority of Ni, Co and Zn hyperaccumulators are from the Malpighiales.
